Degenerate PCR primers derived from conserved regions of the eubacterial groESL heat shock operon were used to amplify groESL sequences of Ehrlichia equi, Ehrlichia phagocytophila, the agent of human granulocytic ehrlichiosis (HGE), Ehrlichia canis, Bartonella henselae, and Rickettsia rickettsii. The groESL nucleotide sequences were less conserved than the previously determined 16S rRNA gene sequences of these bacteria. A phylogenetic tree derived from deduced GroEL amino acid sequences was similar to trees based on 16S rRNA gene sequences. Nucleotide sequences obtained from clinical samples containing E. equi, E. phagocytophila, or the HGE agent were very similar (99.9 to 99.0% identity), and the deduced amino acid sequences were identical. Some divergence was evident between nucleotide sequences amplified from samples originating from the United States (E. equi and the HGE agent) and sequences from the European species, E. phagocytophila. A single pair of PCR primers derived from these sequences was used to detect E. chaffeensis and HGE agent DNA in blood samples from human patients with ehrlichiosis.
Organisms of the genus Ehrlichia are obligate intracellular bacteria that multiply in cytoplasmic vacuoles and that are found primarily in infected leukocytes (37) . Most Ehrlichia species are regarded as veterinary pathogens (37, 38) . However, since 1986 two forms of human ehrlichiosis have been recognized in the United States. Human monocytic ehrlichiosis is caused by Ehrlichia chaffeensis (2, 12, 17) , and to date, more than 400 cases have been reported from 30 states (9) . Recent studies indicate that Amblyomma americanum, the lone star tick, is the likely vector of E. chaffeensis (3, 16, 26) .
During 1993, organisms resembling Ehrlichia were detected in granulocytes from patients with febrile illnesses in the Minnesota-Wisconsin region (4) . Amplification of DNA extracted from patient blood samples produced products with 16S rRNA gene sequences almost identical to those of the veterinary pathogens Ehrlichia equi and Ehrlichia phagocytophila (10) . This form of ehrlichiosis has been designated human granulocytic ehrlichiosis (HGE) because the organism is found primarily in neutrophils (6) . Recent studies indicate that the likely vector of the HGE agent is Ixodes scapularis, the black-legged tick (5, 28, 30, 32) .
PCR amplification of ehrlichial DNA from clinical samples is important in the detection and differentiation of Ehrlichia infections because the organisms grow slowly in a limited number of cell lines (12, 19) . In addition, various levels of crossreactivity limit serologic discrimination of some species (15, 37) . To date, for PCR detection of Ehrlichia the 16S rRNA gene has been used (2, 45, 47) . However, limited sequence variation in the 16S rRNA gene restricts the available choices for species-specific PCR primers and oligonucleotide probes for confirming the identities of the resulting PCR products. The emergence of HGE stimulated our interest in obtaining the nucleotide sequences of genomic regions other than the 16S rRNA gene for use as PCR targets, for the differentiation of isolates, and to further the study of evolutionary relationships among the Ehrlichia species and closely related bacteria.
Phylogenetic analyses based on 16S rRNA gene sequences indicate that the current classification of Ehrlichia is confusing and should be restructured. Species in the genus Ehrlichia form three 16S rRNA genogroups, and each group contains a species currently classified in another genus (13, 45) . The HGE agent and E. equi belong to the E. phagocytophila group, which also includes Anaplasma marginale. E. chaffeensis is a member of the Ehrlichia canis group, which also includes Cowdria ruminantium.
We previously cloned and sequenced the E. chaffeensis homolog of the Escherichia coli groESL operon (41) . This heat shock operon has been cloned and sequenced from genomic libraries of a number of bacteria and has been shown to have a common basic structure. It is usually composed of a stressinducible promoter, followed by an open reading frame (ORF) encoding a protein with a molecular mass in the 10-to 20-kDa range (GroES), a noncoding sequence (spacer) that often varies in length among different bacteria, and an ORF encoding a protein in the 58-to 65-kDa range (GroEL) (20) . GroEL has been called the bacterial common antigen and is related to the eukaryotic HSP60 family of heat shock proteins (11, 22, 39) .
We derived partially degenerate PCR primers based on a multiple sequence alignment of groESL sequences and used them to amplify the homologous region from the samples listed in Table 1 . In this report, we present a comparison of these sequences, show their relationships to groESL sequences from closely related bacteria, and demonstrate the use of PCR primers derived from these sequences for amplification of the correct sequences from the blood of human patients with ehrlichiosis.
MATERIALS AND METHODS
Samples and DNA extraction. The sources and references for samples from which we initially extracted DNA for amplification of groESL sequences are listed in Table 1 . PCR amplification with specific 16S rRNA gene primers and at least partial nucleotide sequencing of the PCR products were performed with all blood and infected cell culture samples to confirm infection with the stated organism. PCR with the groESL primers was also performed with DNA extracted from blood samples taken from uninfected controls, i.e., human, horse, goat, and sheep blood. The presence of R. rickettsii DNA in blood from a patient with Rocky Mountain spotted fever was confirmed by PCR with primers Tz15 and Tz16 (43) . Extraction blanks consisting of gamma-irradiated water processed along with blood or host cells were also included as controls. DNA was extracted from blood samples by using the QIAamp Blood Kit and from cell culture samples by using the QIAamp Tissue Kit according to the manufacturer's recommendations (Qiagen, Inc., Chatsworth, Calif.). The adult tick was collected from vegetation on Shelter Island, N.Y. We previously amplified a product from this tick by using 16S rRNA gene primers and determined that the nucleotide sequence matched that of the HGE agent (30) .
PCR amplification. GeneAmp kits (Roche Molecular Systems, Inc., Branchburg, N.J.) and Perkin-Elmer DNA thermal cyclers were used for all PCR amplifications. Ten microliters of each DNA extraction was added to 90 l of the master mixture for each reaction. Final reagent concentrations were 1.0 M for each primer, 10 mM Tris-HCl (pH 8.3), 50 mM KCl, 1.5 mM MgCl 2 , 200 M for each deoxynucleoside triphosphate, and 2.5 U of AmpliTaq DNA polymerase. The following thermocycler parameters were used with primer pairs HS1-HS6, HS1-HS46, and HS70-HS79: three cycles of 94°C (1 min), 48°C (2 min), and 70°C (90 s), followed by 37 cycles of 88°C (1 min), 52°C (2 min), and 70°C (90 s), followed by an extension period (68°C, 5 min).
Nested PCR was used to detect Ehrlichia DNA in additional blood samples from human patients. Primer pair HS1-HS6 was used in the primary reactions, and primer HS43 was paired with primer HS45 for nested primers in the second stage. One microliter of the primary PCR mixture was used as the template for the nested PCR. The conditions for the nested PCRs were the same as those for the primary PCRs, except that a 55°C annealing temperature was used. The results of PCR amplification were assessed by electrophoresis of 10 l of each sample in 1.4% agarose gels containing ethidium bromide.
Nucleotide sequencing. Forty-microliter samples of the individual PCR mixtures were electrophoresed in 1.2% low-melting-point agarose gels (BoehringerMannheim, Indianapolis, Ind.). The appropriate band was excised, and DNA was extracted from the gel fragments with Wizard PCR preps (Promega Corp., Madison, Wis.). Purified PCR products were sequenced by using the Prism Ready Reaction DyeDeoxy Cycle Sequencing kit (Applied Biosystems, Foster City, Calif.). Thermocycler parameters for the Perkin-Elmer 9600 were 96°C for 15 s, 50°C for 1 s, and 60°C for 4 min, for 25 cycles. Unincorporated fluorescencelabeled deoxynucleoside triphosphates were removed with Centri-Sep columns according to the manufacturer's recommendations (Princeton Separations, Inc., Adelphia, N.J.). Samples were loaded onto polyacrylamide gels for electrophoresis and detection with Applied Biosystems model 370A or 377 automated sequencers. Both strands of each product were sequenced by the primer walking method.
Computer analysis of sequence data. Nucleotide sequences were edited and assembled with the TED and XBAP programs of the STADEN sequence analysis package (40) . Nucleotide sequence homology searches were made through the National Center for Biotechnology Information BLAST network service. Sequence homology comparisons were made with the GAP program of the GCG package (Genetics Computer Group, Madison, Wis.). Multiple sequence alignments were made with the PILEUP and LINEUP programs of the GCG package. Relationships among sequences were evaluated with the PAUP (phylogenetic analysis using parsimony) program suite for phylogenetic analysis (42) .
GenBank accession numbers. The accession numbers of the groESL sequences used for sequence comparisons are Z15160 for Bartonella bacilliformis, U13638 for C. ruminantium, L10917 for E. chaffeensis, X07850 for E. coli, U24396 for Ehrlichia risticii, and M31887 for Orientia tsutsugamushi. The accession numbers of the groESL sequences determined in this study are U96728 for the HGE agent sequence amplified from the New York State HGE patient, U96727 for E. equi, U96729 for E. phagocytophila Feral Goat, U96730 for E. phagocytophila Old Sourhope, U96735 for E. phagocytophila (from a Swiss horse), U96731 for E. canis, U96732 for E. risticii, U96733 for Rickettsia rickettsii, and U96734 for Bartonella henselae.
RESULTS
Design of PCR primers. PCR primers were derived from conserved regions on the basis of a multiple sequence alignment of groESL sequences obtained from GenBank. dI or multiple bases were incorporated at selected positions. Primer sequences are listed in Table 2 , along with their positions relative to the nucleotide sequence of the E. chaffeensis groESL operon (GenBank accession no. L10917). Primers HS1, HS6, HS70, HS79, and HS46 were used in the initial attempts to amplify part of the groESL operon from the various species. Primers HS43 and HS45 were derived from the nucleotide sequences obtained with HS1-HS6 and from the nucleotide sequence of the groESL operon of E. chaffeensis (41) . They were designed for the specific detection of E. chaffeensis and HGE agent DNA in clinical samples. An additional consideration in the selection of primer sites was our desire to amplify a product that included the spacer, because we expected to find greater sequence variation in that region. A diagram showing primer positions and orientations is presented in Fig. 1 .
Comparison of groESL sequences. Amplification with primer pair HS1-HS6 produced PCR products in the expected size range (1,300 to 1,450 bp) from all samples listed in Table  1 except E. risticii-infected P388D1 cells. Products were not amplified from extraction blanks consisting of gamma-irradiated water processed along with the samples or from blood samples collected from uninfected controls: a human, a horse, a goat, and a sheep with no history of ehrlichial infection. Primer pair HS70-HS79 was used with B. henselae, because the HS1-HS6 pair produced multiple fragments. The nucleotide sequences of PCR products amplified with primer pair HS1-HS6 from R. rickettsii and the Ehrlichia organisms contained reading frames corresponding to the carboxy-terminal 20 amino acids of GroES and to 407 to 410 amino acids of the amino-terminal end of GroEL. A larger part of groES was amplified from B. henselae because primer HS70 is upstream of primer HS1. In each case, there was a spacer between the putative GroES stop and the GroEL start codons. Sequence homology searches were done for each of the nucleotide sequences and the deduced amino acid sequences from the partial GroES and GroEL reading frames. The highest scores were to homologous regions from the groESL sequences of closely related bacteria. Nucleotide sequence homologies are presented in Table 3 .
Many GroEL proteins have the amino acid sequence methionine-glycine-glycine (MGG) repeated several times at the carboxy terminus. Primer HS46 was designed to complement a consensus sequence derived from the MGG motif region. Primer pair HS1-HS46 was used with DNA extracted from the blood of the E. equi-infected horse in an effort to amplify more of the groEL-coding sequence from an Ehrlichia species in the E. phagocytophila group. The sequenced product was 1,721 bp long and contained coding sequence for 540 amino acids of GroEL, which should be approximately 98% of the full length. The highest identity scores for the 540-amino-acid fragment were 84% identity to the E. chaffeensis GroEL and 82% identity to the C. ruminantium GroEL.
During this study, a groESL nucleotide sequence from E. risticii (GenBank accession no. U24396) was submitted to GenBank. We observed that the nucleotide sequence of primer HS1 was substantially different from that of the corresponding region in that sequence. This explained our failure to amplify groESL sequences from E. risticii. While examining groESL sequence alignments, we noticed that in the E. risticii sequence (GenBank accession no. U24396) the ATG codon that begins the putative ORF for GroEL was in a position considerably downstream from the position found in the other sequences. Thus, compared with many other groEL sequences, the sequence reported for E. risticii was missing the coding sequence for approximately 39 amino acids from the amino terminus. To examine this discrepancy we had additional PCR primers made. Primers HS63 (5Ј-TGGGCAGGCAGCGAAGT) and HS64 (5Ј-CCACCAGGAACTATACCTTC) correspond to the positions homologous to HS1 and HS6, respectively, in the E. risticii (GenBank accession no. U24396) sequence. These primers produced an abundant amplicon of the expected length from E. risticii. We sequenced the product and found a reading frame similar to those for most GroEL proteins. In the previously submitted E. risticii sequence (GenBank accession no. U24396), the nucleotide sequence at the position of the expected start codon was recorded as ATC. We found a putative initiation codon (ATG) at the corresponding position. The nucleotide sequence of our product was 99% identical to the previously reported E. risticii groESL sequence (GenBank accession no. U24396). Interestingly, there was no spacer between the putative reading frames for GroES and GroEL. The putative stop codon for groES overlapped the putative translation initiation codon for groEL by one nucleotide.
A phylogenetic tree based on a multiple sequence alignment of the first 409 amino acids deduced from each groEL sequence and from truncated GroEL sequences of related bacteria is presented in Fig. 2 . The relationships shown in this tree are generally the same as those obtained from a comparison of 16S rRNA gene sequences from the same bacteria (13, 45) . However, the groESL nucleotide sequences are more divergent than the corresponding 16S rRNA gene sequences. For instance, the nucleotide sequence identity between the 16S rRNA gene sequences from E. chaffeensis and the HGE agent is 93%, compared with 76% for the part of groEL sequenced in this study.
The length of the spacer was different for each species except for members of the E. phagocytophila group ( Table 4 ). For that group, the lengths and nucleotide sequences of the spacers were identical.
Comparison of nucleotide sequences from the E. phagocytophila group. PCR products from seven samples were sequenced: blood from a horse experimentally infected with E. equi, blood from two HGE patients, and DNA extracted from The PCR products were of equal lengths (1,343 bp with primer sequences removed). The nucleotide sequences of the spacer region were identical for each product. This is in contrast to the differences in the length of this region noted among the other species (Table 4) . For instance, E. chaffeensis, E. canis, and C. ruminantium are closely related, but small differences exist in the length of this region among them, and the highest nucleotide sequence identity among the spacer sequences was 76% between E. chaffeensis and E. canis. All sequence variation in the E. phagocytophila group occurred in the third position of GroEL codons and did not alter the deduced amino acid sequence. Nucleotide sequences from the New York State HGE patient and the I. scapularis tick collected in New York State were identical. The nucleotide sequence of the HGE agent from the Minnesota HGE patient and that of E. equi differed from the sequences from the patient and tick in New York State by one and two nucleotides, respectively. In summary, the nucleotide sequences of the PCR products amplified from the HGE patients, the I. scapularis tick, and the E. equi-infected horse were practically identical.
Some divergence was apparent between the nucleotide sequences obtained from samples from the United States and samples from Europe, and more divergence was observed among the sequences of the European samples than among sequences from the U.S. samples. The sequences of the European and American samples that were most similar differed at nine nucleotide positions. The majority of differences occurred at several distinct positions, providing a sequence signature that may be useful for the differentiation of E. phagocytophila from E. equi and the HGE agent ( Table 5 ). The sequences from the European samples differed from each other in at least seven nucleotide positions. A dendrogram was constructed by using PAUP (data not shown). Only the branch separating the sequences from the United States and Europe had a significant bootstrap number (100 for 100 replicates).
Detection of Ehrlichia DNA in patient blood samples by nested PCR. Primer pair HS1-HS6 functioned well for PCR amplification of the expected groESL products, providing nucleotide sequences that were not previously available. However, these primers did not produce a detectable product from weakly infected samples and produced shorter (less than 400-bp) nonspecific products from some samples (data not shown). After studying the initial sequence data, we decided that it would be feasible to derive a single primer pair that would amplify sequences from the tick-vectored human pathogens E. chaffeensis and the HGE agent. This would also produce products of different sizes because of the different lengths of the spacer region (48 bp longer for E. chaffeensis). Inclusion of the spacer region would also enhance prospects for designing specific probes for confirmation of product identity.
Nested PCR assays with primer pairs HS1-HS6 in primary reactions and HS43-HS45 in nested reactions were performed with DNA extracted from blood samples from additional patients with ehrlichiosis and from patients with no history of ehrlichiosis. The expected products were amplified only from the blood of patients with ehrlichiosis confirmed by prior PCR assays with specific 16S rRNA gene primers (Fig. 3) . Primer pair HS43-HS45 amplified products of 528 bp from E. chaffeensis and 480 bp from the HGE agent. The nucleotide sequences of the products were identical to our initial sequences obtained from E. chaffeensis and the HGE agent.
DISCUSSION
PCR assays based on the 16S rRNA gene have been invaluable for the detection of pathogenic bacteria that are difficult to isolate and grow in the laboratory (29, 46) , and the 16S rRNA gene sequences determined from the amplicons have contributed greatly to phylogenetic studies on eubacteria (48, 49) . Like the 16S rRNA gene, groEL is considered to be a useful molecular clock and has been shown to be a valuable tool for phylogenetic studies (20, 44) . In some instances, phy- logenetic analyses based on GroEL sequences have clarified relationships that were controversial or not evident after 16S rRNA sequence comparisons (44) . The citrate synthase gene has also proved valuable for phylogenetic studies among Rickettsia and Bartonella (35) , but to our knowledge, this gene has not been cloned or amplified from any of the Ehrlichia. Both genes exhibit more sequence variation than the 16S rRNA gene and therefore may contain more useful phylogenetic information when examining closely related organisms. There is more sequence variation among the groESL sequences obtained in this study than among the 16S rRNA gene sequences from the same species.
The emergence of the HGE agent as a human pathogen raised the question of whether it was a new or a previously undetected human pathogen or the veterinary pathogen E. equi. Evidence is accumulating that the HGE agent and E. equi may be conspecific. The nucleotide sequences of the 16S rRNA genes of this group are almost identical (10, 19, 23) . As demonstrated in our study, nucleotide sequences from a portion of the groESL operons of the HGE agent and E. equi are almost identical. The deduced amino acid sequences for 75% of the GroEL protein are identical among the HGE agent, E. equi, and E. phagocytophila. The nucleotide sequences of the spacer between the GroES and GroEL reading frames are identical in both length and sequence for E. phagocytophila, E. equi, and the HGE agent. This is in contrast to a comparison of the closely related species E. chaffeensis, E. canis, and C. ruminantium, for which the length and nucleotide sequence of the spacers are different. A recent study by Dumler et al. (15) demonstrated that E. equi and the HGE agent share similar antigenic epitopes. Studies by Madigan et al. (27) have shown that the HGE agent and E. equi produce similar diseases in horses, and Barlough et al. (7) have shown that a horse that recovered from equine granulocytic ehrlichiosis caused by inoculation with the HGE agent was resistant to challenge with E. equi. In summary, the groESL sequence data support other biological and molecular evidence indicating that the HGE agent, E. equi, and E. phagocytophila are very closely related.
Although the 16S rRNA gene and groEL are useful molecular clocks, variations in other genes, especially surface proteins, are more likely to affect properties such as virulence, host range, and interaction with arthropod vectors. The European species E. phagocytophila causes disease in domestic ruminants (8, 37, 38) , but ehrlichiosis has not been demonstrated in domestic ruminants in the United States. This apparent difference should be investigated by both epidemiologic and molecular biology-based methods.
Complete development of a diagnostic PCR was beyond the scope of this study; however, the PCR and sequencing results illustrate the potential for development of a diagnostic PCR based on the groESL operon. Within a species, groESL sequences appear to be conserved enough that false-negative results due to the loss of primer sites because of nucleotide sequence variation would be unlikely. Complete or partial groESL operon sequences have been obtained from four different isolates of E. chaffeensis (14, 33, 41) . No nucleotide sequence differences were detected in the overlapping regions. The spacer region should make a good target for speciesspecific probes. Use of a sensitive hybridization detection method might eliminate the need for nested PCR, since amplicon contamination is more of a concern by the nested PCR technique. Primer HS43 was not designed to amplify E. canis groESL sequences. However, a recent report describes the isolation of an E. canis-like agent from an asymptomatic human in Venezuela (34) . Additional studies will be needed to determine the significance of E. canis as a human pathogen, but there is continuing need for adaptation of PCR primers and probes to keep pace with emerging pathogens. The sequence identity between E. chaffeensis and E. canis is 98% for the 16S rRNA gene, 92% for the HS1-HS6 segment of groESL, and 76% for the groESL spacer region. This illustrates the potential of the spacer region as a specific probe target in an amplicon produced with broader-range primers.
In summary, we derived degenerate PCR primers based on groESL sequences and used them to amplify homologous sequences from several species of Ehrlichia, R. rickettsii, and B. henselae. A phylogram generated from the GroEL sequences correlates with the phylogenetic relationships inferred from 16S rRNA gene sequences. Evaluation of the Ehrlichia sequences supports other evidence indicating a very close relationship between the HGE agent, E. equi, and E. phagocytophila. The novel sequence data obtained in this study can provide the foundation for the development of diagnostic techniques based on the groELS operon and should provide a useful tool for the characterization of new isolates of Ehrlichia and related bacteria.
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